Identifying aquifer vulnerability to climate change is of vital importance in the Sierra Nevada and other snow-dominated basins where groundwater systems are essential to water supply and ecosystem health. Quantifying the component of new (current year's) snowmelt in groundwater and surface water is useful in evaluating aquifer vulnerability because significant annual recharge may indicate that streamflow will respond rapidly to annual variability in precipitation, followed by more gradual decreases in recharge as recharge declines over decades. Hydrologic models and field-based studies have indicated that young (<1 year) water is an important component of streamflow. The goal of this study was to utilize the short-lived, naturally occurring cosmogenic during baseflow conditions to 14.0 ± 3.4% during high-flow periods of snowmelt. Similar to SCB, the PNS in MVGB groundwater and streamflow was typically <30% with the largest fractions occurring in late spring or early summer following peak streamflow. The consistently low PNS suggests that a significant fraction of annual snowmelt in SCB and MVGB recharges groundwater, and groundwater contributions to streamflow in these systems have the potential to mitigate climate change impacts on runoff.
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| INTRODUCTION
Groundwater vulnerability to climate change in high-elevation basins has widespread implications for ecosystem health and water supply (Earman & Dettinger, 2011; Earman et al., 2015) . In the mountains of the western United States, groundwater is a major component of streamflow, even during peak snowmelt conditions (e.g., Frisbee et al., 2011; Liu et al., 2004) . Spatial and temporal changes in snow dynamics, such as declines in snowpack accumulation (Mote 2003; Mote et al., 2005) and earlier onset of snowmelt Knowles et al., 2006; Mote et al., 2005) , are of particular concern for Sierra Nevada basins because groundwater recharge is mainly derived from snowpack for most of the southwest (Earman et al., 2006; Winograd et al., 1998) . Groundwater recharge in high-elevation basins in the western United States is important for aquifer replenishment (Wilson & Guan, 2004; Manning & Solomon, 2005) and ecosystem health, yet the impact of climate change on groundwater recharge is poorly understood (Earman & Dettinger, 2011; Earman et al., 2015; Viviroli et al., 2011) .
Understanding climate change impacts on groundwater resources in the Sierra Nevada and other high-elevation basins is difficult because of a weak understanding of direct and indirect effects of climate change on mountain recharge processes (Earman & Dettinger, 2011; Earman et al., 2015) . Current forecasts of the effects of climate change vary widely. In snow-dominated basins that are predicted to experience a shift in precipitation from snow to rain, groundwater recharge may decrease because snow is a more efficient recharging mechanism than rain (Earman et al., 2006; Meixner et al., 2016; Winograd et al., 1998) . However, reductions in snowpack or shifts from snow to rain may have little effect on groundwater recharge in fractured rock aquifers that are permeability limited (Manning et al., 2012) . Under either condition, investigating groundwater response times would reduce the uncertainty of how mountain basins respond to changing precipitation patterns.
Groundwater transit time, defined as the time elapsed between the input of water to the basin and the time of water sampling, is useful in evaluating groundwater sensitivity to climate change by providing insight into recharge processes, storage capacity, and flow characteristics of groundwater reservoirs. Shallow groundwater basins are likely to have lower buffering capacity and greater sensitivity to climate change (Singleton & Moran, 2010) . Short transit times indicate shallow groundwater reservoirs and relatively small storage capacities. Because groundwater storage capacity inferred from groundwater transit time distributions in high-elevation basins such as the Sierra Nevada has important implications for groundwater vulnerability to climate change, an accurate basin study typically requires the use of groundwater tracer techniques.
Environmental groundwater tracers, such as dissolved gases and isotopic tracers, are useful for characterizing the transit time or "apparent age" of groundwater in high-elevation basins (e.g. Plummer et al., 2001; Manning & Solomon, 2005; Manning et al., 2012; Segal et al., 2014) . In the Sierra Nevada, dissolved noble gas concentrations (Ne, Ar, Kr, and Xe) combined with tritium-helium ( 3 H/ 3 He) age dating have been useful in determining apparent groundwater ages of <50 years in various basins such as Martis Valley Groundwater Basin (MVGB) and
Olympic Valley Basin (Singleton & Moran, 2010; Segal et al. 2014) . ever, the uncertainties of these methods are typically greater than or equal to 1 year (Singleton & Moran, 2010; Manning et al., 2012) .
Field-based and hydrologic modeling studies have indicated that young (<1 year) water is a substantial component of streamflow, which has important implications for groundwater recharge and storage. A review of field studies using a lumped parameter approach revealed that mean transit time of water in diverse catchments ranged from <1 to 5 years (McGuire & McDonnel, 2006) . Stable water isotope investigations have also shown that approximately one third of global river discharge is derived from young streamflow (Jasechko et al., 2016) . In the western U.S., hydrologic modeling demonstrated that young water component is most vulnerable to changing recharge conditions under a drier climate (Engdahl & Maxwell, 2015) . Dry conditions cause immediate responses in rapid vadose pathways by cutting off rapid flowpaths resulting in significantly older composite age distributions (Engdahl & Maxwell, 2015) . The development and application of new groundwater tracer methods that can quantify seasonal fluxes of precipitation on <1-year timescales would improve our understanding of groundwater residence times and storage capacities in mountain basins.
An infrequently utilized environmental tracer that captures the timescale of <1 year is the radioisotope sulfur-35 ( 35 S).
35
S is produced by cosmic ray spallation of atmospheric argon above the troposphere and eventually enters the hydrologic cycle as dissolved 35 SO 4 2− through precipitation (Tanaka & Turekian, 1991) . The half life of 87.5 days (Lal & Peters, 1967 (Cooper et al., 1991; Sueker et al., 1999; Michel et al., 2000; Kester et al., 2003; Shanley et al., 2005; Singleton et al., 2014 Peak snowmelt typically occurs in early April, and surface flows are controlled by melting snowpack with peak stream discharge occurring in the late spring to early summer. SCB is drained by Sagehen Creek, which flows from west to east as a tributary to the Truckee River (TR; Figure 2a ). Several surface water bodies within MVGB also eventually flow into the TR including Martis Lake (ML) and Donner Creek (DC; Figure 2b ). (Chao et al., 1964; Parfitt, 1978 If less than 20 L was obtained over a collection period, the uppermost layers of the surrounding snow, which is representative of the most recent snowfall, was added to the sample container to achieve approximately 20 L of melt water. The May 2, 2012, sampling event yielded between 2.0 and 13.5 L of melt water at each of the four sampling sites because no additional snow was available to augment the melt water.
Although both rain and snow were allowed to accumulate in the MVGB containers, approximately 77% of the precipitation over the entire sampling period occurred as snow; therefore, each sample is assumed to represent a composite of snow that was deposited between collection periods.
| Surface water sampling
Surface water was sampled in SCB and MVGB to determine the contri- Reproducibility of the measurements was evaluated through comparison of field duplicates using the relative error ratio (RER), with RER values at or below 3.0 being considered reproducible. RER is determined by
where S is the sample 
Lawrence Livermore National Laboratory in Livermore, CA, using a Metrohm Model 881 ion chromatograph.
| Quantification of new snowmelt contribution
In snow-dominated Sierra Nevada midelevation basins such as SCB and MVGB, the majority of precipitation falls as snow during the winter and completely melts by midsummer. Snowmelt in the Western
Mountains is a more efficient recharging mechanism than rain, even when snow constitutes a relatively small portion of the total precipitation (Earman et al., 2006) . activity at four snow sampling locations is expressed as
where S t is the depth-weighted mean snow
for a given site decay corrected to groundwater or surface water collection date t; a is the snow 35 SO 4 2− activity (mBq/L) for the snow sampling event i = 1-4 decay corrected to date t; and P is the precipitation amount (m) deposited between snow sampling events (Table 1) .
For example, P i=2 represents the total precipitation that fell between time i = 1 (January 25, 2012) and i = 2 (February 24, 2012) . MVGB daily precipitation data from SNOTEL #834 near MVGB site S11 (Figure 2b) were assumed for all four snow sampling locations.
The depth-weighted mean snow activity for the entire basin was determined by
where A SNOW is the decay-corrected mean snow 35 SO 4 2− activity (mBq/L) for snow sampling sites n = 1 to 4. Similar to SCB, the PNS in MVGB groundwater or surface water was calculated using Equation 2. Williams & Melack, 1991 , 1997 Williams et al., 1993; Chorover et al., 1994; Meixner et al., 1998) . . Warming of air masses during the spring and summer months results in convective heating and downward transfer of aerosols into the troposphere, with peak stratosphere-to-troposphere exchange of cosmogenic radionuclides such as beryllium-7 occurring in the spring and summer at middle latitudes, especially at high elevations (Brost et al., 1991; Feely et al., 1989) . These results suggest that although new meltwater is discharging into the stream via overland flow and/or shallow subsurface flowpaths Although the calculated groundwater inflows varied significantly through the reach, total groundwater input was 76% of the total flow, with the remaining 24% being derived from recent precipitation (Earman et al., 2015) . Note. SCB = Sagehen Creek Basin; NA = Not Available; ND = Not Detectable; RER = Relative Error Ratio. When field duplicates were collected and analyzed, the mean activity of the two measurements is reported and used to calculate PNS. Uncertainties represent propagated ±one sigma counting errors. declined, and PNS values were 3.5 ± 5.3% and 0.2 ± 6.6%, respectively (Table 3) . Minimal interannual variability of PNS in stream discharge suggests that even during a year with significantly above average precipitation, such as the 50% above average precipitation in WY 2011, Sagehen Creek stream discharge is dominated by deeper groundwater flowpaths that were recharged in previous winters.
Similar trends of consistently low PNS in
In contrast to hydrologic model predicting that groundwater discharge to streams is inversely correlated to streamflow due to snowmelt runoff, interflow filling stream channels, and elevating stream head (Huntington & Niswonger, 2012) , the trend of decreasing PNS during high flow suggests that groundwater discharge was not sup- Based on the 27-km 2 area of SCB, SNOTEL #539 precipitation data, average daily ET of 1.4-1.8 mm/day (Markstrom et al., 2008; Tague & Peng, 2013) , and the calculated new snowmelt discharged in streamflow during AMJJ, the annual precipitation recharged to the groundwater system was between 0% and 21% in WY 2010 and 41% in WY 2011. These recharge values should be interpreted as maximum values because new snowmelt was observed in stream discharge outside of the AMJJ period. Assuming a specific yield of 0.08-0.15 and ET rate of 1.8 mm/day for SCB (Markstrom et al., 2008) , the equivalent Note. m bgs = meters below ground surface; m asl = meters above sea level; MVGB = Martis Valley Groundwater Basin. between 0.8 ± 3.5% and 6.2 ± 9.9% (Table 3, Figure 5 ). The presence of new snowmelt in SCB groundwater is supported by a recent integrated groundwater tracer and modeling study, which concluded that groundwater discharge from springs is best characterized by a bimodal mixture of <1-year-old water and water recharged after 1950 (Manning et al., 2012) .
The minimal PNS in both surface waters and groundwater throughout this study period indicates that there is substantial recharge of new snowmelt that is occurring in SCB on an annual basis and SCB has a relatively large groundwater storage capacity. provide additional evidence for the depletion of a young groundwater component from spring to summer . Seasonal variability in the young (<50 years old) groundwater source ) and a general shift to older 3 H/ To investigate spatial variability of new snowmelt being discharged to the stream, we plotted PNS values versus the distance upstream from ML in Figure 8a . In July 2012, the PNS for site MMC03 was 27.6 ± 5.5%, which was significantly higher than the PNS at sites MMC04 (8.7 ± 2.7%) and MC07 (8.9 ± 2.5%; Figure 8a ).
In August 2012, the PNS determined for the furthest upstream site, MC08, was 10.3 ± 3.2%, which is similar to the PNS measured in July at sites MMC04 and MC07. A study using radon-222 ( 222 Rn) activity to identify groundwater influx into streams in MVGB found minimal groundwater contribution to streamflow for downstream sites MC01, WMC02, MMC03, and MMC04 in July 2012 (DeRubeis, 2013), with a secondary survey in August 2012 showing higher groundwater contribution at the MC08 upstream sampling site. Significantly higher PNS observed at site MMC03 also indicates that groundwater influx at this site is lower compared to site MC08. Although spatial variability in PNS is generally minimal along the 4-km reach, the significant increase over relatively short (<0.5 km) distances is useful in constraining groundwater discharge derived from old and new meltwater over a short study reach.
| SUMMARY AND CONCLUSIONS

35
SO 4 2− is a useful environmental tracer that can answer questions regarding the recharge, storage, and transport of precipitation on <1-year timescales. In snow-dominated basins, the amount of snowmelt rapidly discharged from the basin during the primary snowmelt period provides insight into groundwater recharge and storage from seasonal snowmelt, which is useful for evaluating groundwater vulnerability to climate change and may lead to better surface or groundwater numerical models.
This study successfully utilized In addition to net SO 4 2− export being potentially derived from SO 4 2− deposited in previous decades, organic matter mineralization may also contribute to the overall net export of SO 4 2− . Even after correcting for dry deposition, the mean input due to deposition is less than 45% of the export by the creek indicating that there must be another source of SO 4 2− within SCB. 
